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MutationHigh-temperature requirement protein A2 (HtrA2), a serine protease, localizes in the mitochondria and has
diverse roles, including maintenance of mitochondrial homeostasis and regulation of cellular apoptosis.
HtrA2 (also known as Omi) is associated with many neurodegenerative diseases, including Parkinson disease.
By employing agarose gel electrophoresis, a ﬂuorescent dye, PicoGreen, intercalation into mtDNA, and
long-range PCR (LR-PCR), we showed that mitochondrial DNA conformational stability is related to HtrA2.
Nicked forms of mtDNA were produced through reactive oxygen species generated by loss of HtrA2 protease
activity, and mtDNA mutations frequently occurred in HtrA2−/− cells, but not in HtrA2+/+ cells. We found
conformational changes in mtDNA from the brain tissue of mnd2 mutant mice that lack the serine protease
activity of HtrA2. Overexpression of HtrA2 with protease activity targeted to mitochondria only was able to
restore mtDNA conformational stability in HtrA2−/−MEF cells. Nuclear-encodedmtDNA repair genes, including
POLG2, Twinkle, and APTX1, were signiﬁcantly upregulated in HtrA2−/− cells. Electron microscopy showed that
mitochondrial morphology itself was not affected, even in HtrA2−/− cells. Our results demonstrate that HtrA2
deﬁciency causes mtDNA damage through ROS generation and mutation, which may lead to mitochondrial
dysfunction and consequent triggering of cell death in aging cells.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Mitochondria aremembrane-enclosed organelles that generatemost
of the chemical energy that eukaryotic cells produce. Mitochondria are
also involved in various tasks, such as cell death, calcium regulation,
and reactive oxygen species (ROS) generation. Depending on the type of
cell, a single cell has approximately 100–2000mitochondria, and a single
mitochondrion has1–10 nucleoids. Mitochondrial DNA (mtDNA) is
typically a circular chromosome that is approximately 16 kb long
and has 37 genes: 13 OXPHOS complexes, 22 mitochondrial tRNAs,
and 2 rRNAs [1]. mtDNA is more easily damaged than nuclear DNA by
various cellular stresses, because mtDNA lacks protecting proteins like
histones [2]. Mutations, deletions, single-strand breaks (SSB, also
known as nicks), and double-strand breaks (DSB) occur in damaged
mtDNA [3].
Mitochondrial dysfunction is observed in various diseases, and it is
a key factor in the onset of some diseases [4,5]. Examples include the
neurodegenerative diseases Alzheimer disease (AD), Parkinson diseaseCR; SR-PCR, short-range PCR;
ies
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l rights reserved.(PD), Huntington disease (HD), and amyotrophic lateral sclerosis (ALS).
Although the key factor of disease onset is different among these neuro-
degenerative diseases, several common phenomena are observed in the
mitochondria: increased ROS, abnormal OXPHOS complexes, decreased
ATP production, and nonspeciﬁc protein aggregation [6]. However, the
association between mitochondria and neurodegenerative diseases is
not yet clearly understood.
HtrA2 (also called Omi) is known as a serine protease; it is localized
in the mitochondria under normal conditions. However, in response to
various cellular stresses, HtrA2 is processed to mature HtrA2 (134
mature HtrA2: N-terminal 133 amino acids were deleted) and released
into the cytosol [7]. The released cytosolic mature HtrA2 promotes
cell death through its serine protease activity via either a caspase-
dependent or a caspase-independent mechanism. The missense
mutation Ser276Cys (S276C) in HtrA2 was found to be the cause of
symptoms such as muscle wasting, neurodegeneration, involution of
the spleen and thymus, and death by 40 days of age in mnd2 (motor
neuron degeneration 2) mutant mice [8]. The protease activity of
HtrA2 is greatly reduced in thesemice. HtrA2 knockoutmice also exhibit
a neurodegenerative disorder phenotype. It was reported that HtrA2 is
associatedwithmitochondrial proteins such as PINK1 [9,10] and amyloid
beta [11–13], which are associated with neurodegenerative diseases. In
this study, we report a novel function for HtrA2 in the mitochondria.
HtrA2 deﬁciency causes mtDNA damage through ROS generation and
mutation, whichmay lead tomitochondrial dysfunction and consequent
triggering of cell death in neurodegenerative diseases.
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2.1. Cell culture, transfection, antibodies, and mnd2 mice
HeLa (American Type Culture Collection, Manassas, VA) and HtrA2
MEF cells(Dr. JulianDownward at Cancer ResearchUK London Research
Institute) were maintained in DMEM supplemented with 8% fetal
bovine serum, streptomycin (100 μg/ml), and penicillin (100 U/ml).
Cells were incubated at 37 °C in a humidiﬁed 5% CO2 incubator. The
polyethylenimine (PEI) method was used in accordance with the
manufacturer's instructions (Sigma) to transfect plasmids into HeLa
and HtrA2 MEF cells. Antibodies (Abs) used for immunoblot (IB) assays
were anti-HtrA2 (ATgen), anti-β-actin (Sigma Aldrich). Heterozygous
mnd2 (mnd2+/−) mice of strain B6(Cg)-Htra2mnd2/J were purchased
from Jackson Laboratory.2.2. HtrA2 knockdown experiments
The following sequences were cloned in this study: shHtrA2,
5′-CATTGTCACCAACGCCCATTTCAAGAGAATGGGCGTTGGTGACAATGTTT-
TTT-3′. The pSilencer 1.0-U6 vector (Ambion) encoding the hairpin RNAs
was transfected into HeLa cells using the PEI method (Sigma).2.3. Isolation of mitochondria
Cultured cells were broken by passing ten times through a G26
needle in buffer D (250 mM sucrose, 20 mM HEPES, 10 mM KCl,
5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, and 10 mM Tris–Cl pH7.5)
containing protease inhibitors and 0.02% digitonin. The cell extracts
were centrifuged at 900 ×g for 2 min at 4 °C, and the supernatants
were further centrifuged at 10,000 ×g for 30 min at 4 °C to recover pellets
(mitochondria-containing fraction) and supernatants (cytoplasmic frac-
tion). The subcellular fractions were processed for western blotting
analysis and mtDNA isolation.
To isolate mitochondria from mouse tissues, all steps were carried
out at 4 °C. Mouse tissues were chopped with surgical scissors and
suspended in a 10-fold volume of homogenization buffer (8.7% sucrose,
20 mM Tris–Cl, and 1 mM EDTA pH 7.4). The tissue suspension was
homogenized by 10–15 passes with a Dounce homogenizer
(BellcoBiotech). The homogenate was centrifuged at 60,000 ×g for
10 min with a swing-bucket SW41 rotor. The supernatant ﬂuid was
recentrifuged at 200,000 ×g for 90 min to fractionate the cytosol
and low-density microsomes. To separate the plasma membrane,
mitochondria, and nuclei, the 60,000 ×g centrifuged pellet was
resuspended in 3 ml of 8.7% sucrose buffer. The resuspended pellet
was then layered onto a sucrose gradient containing 4 ml each of
37.5% and 50% (w/v) sucrose buffer. The gradient was centrifuged
at 100,000 ×g for 70 min with a swing-bucket SW41 rotor. Fractions
were harvested as layers between 8.7% and 37.5% sucrose buffer
(plasma membrane) and between 37.5% and 50% sucrose buffer
(mitochondria). The harvested layers were diluted three times and
centrifuged at 13,000 rpm for 20 min at 4 °C to obtain pellets.2.4. Isolation of mitochondrial DNA
Isolated mitochondria were suspended in NN lysis buffer (10 mM
Tris–Cl, 20 mM EDTA, 0.1% TritonX-100, 500 mM guanidine-HCl, and
200 mM NaCl). SDS was then added to the suspension to a 0.5% ﬁnal
concentration, and the suspension was swirled thoroughly. Protease
K was added to a concentration of 100 μg/ml, and the suspension
was incubated for 60 min at 37 °C. mtDNA was precipitated with
the phenol-chloroform extraction protocol. The precipitated mtDNA
was diluted with NTE buffer (0.5 M NaCl, 10 mM Tris–Cl pH 8.0, and
1mMEDTA).2.5. Quantiﬁcation of mtDNA damage by long-range PCR
mtDNA was isolated from mice (WT and mnd2) and HtrA2 mouse
embryonic ﬁbroblast (MEF) cells. Long-range PCR (LR-PCR) and
short-range PCR (SR-PCR) primerswere designed speciﬁcally to amplify
10 kb and 117 bp ofmtDNA, respectively. Sequence information for the
primers is contained in Supplementary Table 1. LR-PCR was performed
with 50 ng of total DNA by the following proﬁle: 30 cycles of 10 s at
92 °C, 30 s at 60 °C, and 10 min at 68 °C. The reaction was extended
for 10 min at 72°Cin the last cycle. LR-PCR products were resolved on
a 1% agarose gel and electrophoresed in 0.5× TBE buffer for 2 h at
80 V. SR-PCR was performed with 50 ng of total DNA by the following
proﬁle: 20 cycles of 30 s at 94 °C, 45 s at 65 °C, and 45 s at 72 °C. The
reaction was extended for 10 min at 72 °C in the last cycle. The
SR-PCR productswere resolved on a 2% agarose gel and electrophoresed
in 0.5× TBE buffer for 30 min at 80 V [14]. Bands on agarose gels were
quantitated by Image J software. The levels of SR-PCR product served as
an internal standard.
2.6. Quantiﬁcation of mtDNA copy number, mitochondrial genes, and
mitochondrial DNA repair genes by real-time PCR
Total RNA was extracted from HtrA2 MEF cells with TRIzol reagent
(Invitrogen). Five micrograms of total RNA was used to synthesize
cDNA with the RevertAid H Minus ﬁrst-strand cDNA synthesis kit
(Fermentas) according to the manufacturer's instructions. cDNA was
added to a real-time PCR mixture that contained 2× THUNDERBIRD
SYBRqPCR mix (TOYOBO, Japan) and 200 nM ND4 and beta-actin
primers (Supplementary Table1). PCR mixtures were incubated for
5 min at 95 °C followed by 40 cycles of 30 s at 95 °C, 20 s at 55 °C,
and 40 s at 72 °C with the CFX96 Real-Time System (Bio-Rad). The re-
sults were analyzedwith Bio-Rad CFXManager. Assayswere performed
in triplicate and quantiﬁed with the ΔΔCt method. mtDNAmarker ND4
and nuclear marker beta-actin were set as the target and reference,
respectively.
Mitochondrial genes were ampliﬁed by PCR with speciﬁc primers
(Supplementary Table 1) [15–20]. PCR mixtures were incubated for
5 min at 95 °C followed by 40 cycles of 30 s at 95 °C, 20 s at 60 °C, and
40 s at 72 °C with the CFX96 Real-Time System (Bio-Rad). The results
were analyzed with Bio-Rad CFX Manager. Assays were performed in
triplicate and quantiﬁed with the ΔΔCt method.
2.7. PicoGreen staining of mtDNA
mtDNA from HtrA2 MEF cells and shHtrA2-transfected HeLa cells
were stained with MitoTracker (Invitrogen) for 30 min at 37 °C or with
PicoGreen solution (3 μl/ml, Molecular Probes) for 60 min at 37 °C.
Fluorescent images were captured in living cells with an LSM-700 and
analyzed with LSM-700 ZEN software (CarlZeiss).
2.8. Measurement of intracellular ROS generation
Intracellular ROS generation was measured with 2′,7′-dichloro-
ﬂuorescein diacetate (DCF-DA; Sigma). Transfected cells or HtrA2 MEF
cells were harvested and counted for equal numbers of cells. The cells
were exposed to 1 mMDCF-DA for 10 min at 37 °C. Fluorescence exci-
tation was performed at 480 nm, and the emission was collected at
530 nm with a ﬂuorescence microplate reader (Molecular Devices).
Mitochondrial superoxide was detected with Mito-SOX (Molecular
Probe), and DAPI was used as a nuclear marker.
2.9. Immunoblot analysis
Transfected cells or HtrA2 MEF cells were lysed for 30 min at 4 °C
in RIPA buffer (20 mM Tris–Cl, 150 mM NaCl, 0.1% SDS, 1% Triton
X-100, and 1% sodium deoxycholate pH 7.5) containing the following
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0.1 mM phenylemethlylsulfonyl ﬂuoride (PMSF). Protein concentra-
tions were then determined with the Bio-Rad protein assay kit
(Bio-Rad Laboratories). Protein extracts were resolved by12% sodium
dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE). The
separated proteins were transferred to a nitrocellulose membrane
(Whatman) and probed with the appropriate antibodies. Immune
complexes were detected with the enhanced chemiluminescent
(ECL) immunoblotting system, as described by the manufacturer
(Amersham Pharmacia Biotech).2.10. mtDNA solubility test
To assess NP-40 solubility, isolatedmitochondria were suspended in
TES buffer (10 mM Tris–HCl pH 7.4, 1 mM EDTA, 0.25 M sucrose, and
0.5% NP-40) on ice for 30 min. After centrifugation at 4 °C for 30 min
at 20,000 ×g, the membrane pellets and supernatants were separated.
Fractions were digested by proteinase K (100 μg/ml) and RNase A
(80 μg/ml) in digestion buffer (10 mM Tris–HCl pH 8, 25 mM EDTA,
100 mM NaCl, and 0.5% SDS) and treated with phenol two times.
mtDNA was puriﬁed by ethanol precipitation [21].A
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Fig. 1. Mitochondrial DNA conformation is changed in HtrA2−/− cells. (A) mtDNA was isola
3 h. The expression level of HtrA2 was assessed by IB with anti-HtrA2 and anti-β-actin. (B)m
used as a mitochondria-staining marker. (C) mtDNA damage was detected by agarose gel el
are 10 kb mtDNA PCR products of HtrA2+/+ cell DNA, and lanes 5–8 are mtDNA PCR product
(D) mtDNA damage in HtrA2 MEF cells was detected by agarose gel electrophoresis of LR-PC
are expressed as mean ± SD.2.11. Electron microscopy
Cellswerewashedwith PBS andﬁxedwith 4%paraformaldehyde and
2.5% glutaraldehyde in 0.1 M sodium cacodylate (pH 7.2–7.4) overnight
at 4 °C. Afterwashingwith cacodylate buffer, the cells were post-ﬁxed in
2% OsO4 for 1 h at 4 °C. The cells were then washed and stained en bloc
with 2% uranyl acetate in distilled water for 2 h. The cells were
dehydrated in an ethanol series (50, 70, 80, 90, 95, and 100%) for
15 min each and embedded in Spur's resin. The embedded cells were
sectioned to a thickness of 50 nm. The samples were stained with 2%
uranyl acetate in 50% methanol followed by lead citrate and observed
by transmission electron microscopy (TEM; Tecnai 12, Philips).
2.12. Analysis of mtDNA mutations
Mitochondrial DNA was isolated from the mitochondria extracts
obtained from HtrA2 MEF cells. mtDNA mutations were determined
after the PCR, cloning, and sequencing experiments were done. PCR
was performed with speciﬁc primers that ampliﬁed parts of the
ND1 and ND2 genes (nucleotide pairs 3430–4980) or cytochrome b
gene (nucleotide pairs 14,035–15,060) of mouse mtDNA (GenBank
NC_005089), together with ﬂanking sequences.Mito-tracker Merge Enlarge
MEF  mtDNA
10 kb mtDNA
115 bp mtDNA
HtrA2+/+ HtrA2-/-
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tDNA conformational changes were observed by PicoGreen staining. MitoTracker was
ectrophoresis of LR-PCR products of total DNA isolated from HtrA2 MEF cells. Lanes 1–4
s of HtrA2−/− cell DNA. SR-PCR 115 bp products were used for quantiﬁcation of LR-PCR.
R products of mtDNA. Bands on agarose gels were quantitated by Image J software. Data
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3.1. Mitochondrial DNA conformation is stabilized by the presence of HtrA2
HtrA2 was previously reported to maintain the homeostasis of
mitochondria, but its mechanism remained ill deﬁned. To clarify
the role of HtrA2 in mitochondria, we isolated mitochondria from
HtrA2+/+and HtrA2−/− MEF cells. mtDNA was then extracted from
mitochondria and directly subjected to agarose gel electrophoresis.
mtDNA isolated from HtrA2−/− cells migrated slower than mtDNA
from HtrA2+/+ cells (Fig. 1A). This suggests that there was a confor-
mational change in the mtDNA of HtrA2−/− cells, such as relaxation
of the supercoiled structure.
We conﬁrmed this result by using a ﬂuorescent dye, PicoGreen,
which is known to stain DNA in living cells [21]. The planar shape of
PicoGreen enables the dye to intercalate between the stacked base
pairs of DNA, and the negatively supercoiled form is more favored
for intercalation than nicked DNA. Generally, mtDNA stained with
PicoGreen appears as spots in the cytoplasm. In HtrA2+/+ cells,
mtDNA was clearly stained by PicoGreen, and the spots were costained
(yellow color) with MitoTracker, a mitochondria marker. In HtrA2−/−
cells, mtDNA was not clearly stained by PicoGreen; it was observed as
a diffuse signal, even though the nuclear DNA was strongly stained
(Fig. 1B).
To identify the conformational state of mtDNA, we performed
LR-PCR and SR-PCR of mtDNA with mtDNA-speciﬁc primers (Fig. 1C,
D) [14]. First, we performed LR-PCR with total DNA from HtrA2 MEFA
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Fig. 2.mtDNA stability in HeLa cells affected by knockdown ofHtrA2 protein. (A) mtDNA was
for 3 h. Lane 1 is mtDNA of control vector-transfected HeLa cells, and lane 2 is mtDNA of shH
detected by agarose gel electrophoresis of LR-PCR products of total DNA. Lanes 1–2 are 16 k
are mtDNA PCR products of shHtrA2-transfected HeLa cell total DNA.SR-PCR115bp produc
HeLa cells was detected by agarose gel electrophoresis of LR-PCR products of mtDNA. B
mean ± SD.cells (Fig. 1C). The LR-PCR product of mouse mtDNA-speciﬁc LR-PCR
primers was approximately 10 kb long, and the SR-PCR product of
mouse mtDNA-speciﬁc SR-PCR primers was115 bp. The 10 kb
LR-PCR products were detected in HtrA2+/+ cells, but not in HtrA2−/−
cells. This phenomenon was not due to a loss of mitochondria, since
the 115 bp SR-PCR product was detected in HtrA2−/− cells. We also
measured mtDNA copy numbers by real-time PCR. There was not
much of a difference between mtDNA copy numbers in HtrA2+/+ and
HtrA2−/− cells (Supplementary Fig. 1A). We further conﬁrmed the
LR-PCR results with mtDNA (Fig. 1D). As expected, the 10 kb LR-PCR
products were detected in HtrA2+/+ cells, but not in HtrA2−/− cells.
These results imply that the mtDNA of HtrA2−/− cells might contain
nicked DNA sequences, which inhibit the long-range extension of PCR.
To conﬁrm that the conformational change of mtDNA is associated
with HtrA2 protein, and that the phenomenon occurs in human cells
as well as in mouse cells, we performed knockdown experiments
with HtrA2-shRNA expression plasmid, shHtrA2, in HeLa cells, a
human cell line. In shHtrA2-transfected HeLa cells, expression of
HtrA2 was more decreased than in control vector-transfected HeLa
cells (Fig. 2A). mtDNA isolated from shHtrA2-transfected HeLa cells
migrated slower on agarose gels than mtDNA isolated from control
vector-transfected HeLa cells (Fig. 2A). In addition, we performed
LR-PCR with the total DNA of shHtrA2-transfected HeLa cells and
control vector-transfected HeLa cells (Fig. 2B). The LR-PCR product
of the human mtDNA-speciﬁc LR-PCR primer was approximately
16 kb long, and the SR-PCR product of the human mtDNA-speciﬁc
SX-PCR primer was 108 bp long, which is part of the ND1 gene16 kb mtDNA
ND1 mtDNA
HtrA2
3 4
16 kb mtDNA
ND1 mtDNA
ontrol shHtrA2
1 22
HeLa total DNA
isolated from shHtrA2-transfected HeLa cells and resolved on 0.8% agarose gel at 100 V
trA2-transfected HeLa cells. (B) mtDNA damage in shHtrA2-transfected HeLa cells was
b mtDNA PCR products of control vector-transfected HeLa cell total DNA, and lanes 3–4
ts were used for quantiﬁcation of LR-PCR. (C) mtDNA damage in shHtrA2-transfected
ands on agarose gels were quantitated by Image J software. Data are expressed as
1870 H.-G. Goo et al. / Biochimica et Biophysica Acta 1833 (2013) 1866–1875[22]. The 16 kb LR-PCR product of mtDNA was detected in control
vector-transfected HeLa cells, but not in shHtrA2-transfected HeLa
cells. This was not due to a loss of mitochondria, because the 108 bp
ND1 SR-PCR product was detected in shHtrA2-transfected HeLa cells.
We conﬁrmed these results by LR-PCR experiments with mtDNA
(Fig. 2C). Taken together, our results demonstrate that the confor-
mational change in mtDNA is related to HtrA2 protein, and that the
phenomenon occurs in human cells, as well as in mouse cells.3.2. Conformational changes in mtDNA from mutant mnd2 mouse
brain tissue
The mouse mutant mnd2 exhibits muscle wasting, neuro-
degeneration, and death by 40 days of age [8]. The protease activity of
HtrA2 is greatly reduced in mnd2 mice with the missense mutation
Ser276Cys in HtrA2 (22). To assess whether the serine protease activity
of HtrA2 is essential for mtDNA stability, we analyzed the conformation
of mtDNA obtained fromwild-type ormnd2mouse brain tissue at post-
natal day 32 (PD 32). mtDNA isolated frommnd2mouse brainmigrated
slower on agarose gels than mtDNA isolated from wild-type mouse
brain (Fig. 3A).We performed LR-PCR ofmtDNAwith total DNA isolated
from wild-type ormnd2mouse brain tissue. The 10 kb LR-PCR product
of mtDNA was detected in wild-type mice, but not in mnd2 mice
(Fig. 3B). There was not much of a difference in copy numbers of
mtDNA between wild-type and mnd2 mice (Supplementary Fig. 1B).
LR-PCR with mtDNA yielded the same results as with total DNA
(Fig. 3C). These results demonstrate that HtrA2 serine protease activity
is required to maintain the conformational stability of mtDNA inmouse
brain tissue.A BBrain mtDNA
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Fig. 3. mtDNA damaged in mnd2mouse brain tissue. (A) mtDNA was isolated from mnd2 m
damage in mnd2mouse brain tissue was detected by LR-PCR of total DNA. Lanes 1–4 are 10
are mtDNA PCR products of total DNA ofmnd2mouse brain. Products of SR-PCR, 115 bp, wer
detected by agarose gel electrophoresis of LR-PCR products of mtDNA. Bands on agarose ge3.3. mtDNA conformational stability is affected by ROS generated through
loss of HtrA2 protease activity
ROS is the main source of oxidative damage in cells. ROS can cause
single-strand DNA breaks or nicked DNA. To investigate whether loss
of HtrA2 protease activity produces ROS, we measured cellular ROS
levels in HtrA2+/+and HtrA2−/− MEF cells by DCF-DA [23]. Cellular
ROS was drastically increased in HtrA2−/− cells compared to HtrA2+/+
cells (Fig. 4A). We also measured mitochondrial superoxide levels with
Mito-SOX, a ﬂuorogenic dye for the highly selective detection of super-
oxide in mitochondria [24]. A marked density of red ﬂuorescence was
observed in the mitochondria of HtrA2−/− cells (Fig. 4B), indicating
that mitochondrial superoxide was being generated.
To investigate whether the mtDNA conformational change was
caused by ROS generated due to the loss of HtrA2 protease activity,
we performed agarose gel electrophoresis and LR-PCR with mtDNA
fromH2O2-treated HtrA2+/+ cells (Fig. 5) and HtrA2+/+ cells (control).
mtDNA isolated from H2O2-treated HtrA2+/+ cells migrated more
slowly than mtDNA isolated from HtrA2+/+ cells. Next, we performed
LR-PCR with total DNA from HtrA2+/+ cells orH2O2-treated HtrA2+/+
cells (Fig. 5B). The 10 kb LR-PCR product of mtDNA was not detected
inH2O2-treated HtrA2+/+ cells. These results show that loss of HtrA2
protease activity increases mitochondrial superoxide levels and confor-
mational changes in mtDNA.
The mtDNA damage caused by HtrA2 deﬁciency could be also re-
stored by adding N-acetylcysteine (NAC), a ROS scavenger. To remove
ROS, HtrA2−/− cells were treatedwith 10 mMNAC. Then, we performed
LR-PCRwith total DNA isolated fromHtrA2−/− or NAC treated HtrA2−/−
cells. LR-PCR products of mtDNA were detected by agarose gel electro-
phoresis, and the densities were measured. The LR-PCR product in115 bp mtDNA
10 kb mtDNA
115 bp mtDNA
10 kb mtDNA
n total DNA
Mnd2
4 1 2 3 4
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ouse brain mitochondria and resolved on 0.8% agarose gel at 100 V for 3 h. (B) mtDNA
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Fig. 4. Cellular ROS and mitochondrial superoxide levels in HtrA2 MEF cells. (A) Total cellular ROS levels generated in HtrA2−/− and HtrA2+/+ MEF cells were measured by DCF-DA.
(B) Mitochondrial superoxide levels generated in HtrA2−/− and HtrA2+/+ MEF cells were detected by Mito-SOX. DAPI was used as a nuclear stain. Data are expressed as mean ± SD.
Experiments are repeated at least three times.
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Fig. 5.mtDNA damaged inH2O2-treatedHtrA2+/+ cells. (A)mtDNAwas isolated frommitochondria of HtrA2+/+ orH2O2-treatedHtrA2+/+ cells. For oxidant treatment experiments, the
cultured cells were exposed for 24 h to 100 μMH2O2. mtDNA was resolved on a 0.8% agarose gel at 100 V for 3 h. Lanes 1 and 2 are mtDNA from HtrA2+/+ (control) and H2O2-treated
HtrA2+/+ cells (H2O2), respectively. (B)mtDNA damage in H2O2-treated HtrA2+/+ cells was detected by agarose gel electrophoresis of LR-PCR products of total DNA. Lanes 1–4 are 10 kb
mtDNA PCR products of total DNA isolated from control HtrA2+/+ cells, and lanes 5–8 are mtDNA PCR products of total DNA isolated from H2O2-treated HtrA2+/+ cells. Products of
SR-PCR, 115 bp, were used for quantiﬁcation of LR-PCR. (C) For antioxidant treatment experiments, HtrA2−/− cells were exposed for 24 h to10 mM N-acetylcysteine (NAC). Total
DNA was isolated from mitochondria of HtrA2−/−or NAC-treated HtrA2−/− cells. mtDNA damage was detected by agarose gel electrophoresis of LR-PCR products of total DNA, and
the densities were measured. Values represent means ± SD of three independent experiments. Data are expressed as mean ± SD. Experiments are repeated at least three times.
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from HtrA2−/− cells without NAC (Fig. 5C). Taken all together,
these results suggest that HtrA2 proteases maintain mtDNA conforma-
tional stability by controlling ROS generation.
To address whether the protease activity of HtrA2 localized to the
mitochondria is important for mtDNA conformational stability, various
forms of HtrA2 (Fig. 6A) were transfected into HtrA2−/− cells and
LC-PCR was performed with total DNA isolated from the transfected
HtrA2−/− cells. Full-length HtrA2 (FW) and the full-length HtrA2
S306A mutant (FM) were localized in the mitochondria, whereas the
134 aa cleaved mature forms (134W and 134 M) were localized in the
cytoplasm. The mutant HtrA2 forms FM and 134 M, with the missense
mutation Ser306Cys, do not have protease activity [25]. The LR-PCR
product was only detected in mtDNA from full-length HtrA2-
transfected HtrA2−/− cells (Fig. 6B). Interestingly, the LR-PCR product
was not found in 134W-transfected HtrA2−/− cells, even though the
134Wmature protein has strong protease activity. These results imply
that active HtrA2 proteases localized in the mitochondria can restore
mtDNA conformational stability.
3.4. Organization ofmitochondrial DNA, but notmitochondrialmorphology,
may be altered in HtrA2−/− cells
mtDNA is known to be attached to the mitochondrial inner
membrane [26].We investigated whether the attachment is affected
by the absence of HtrA2. Since treatment with NP-40 maintains the
attachment state of mtDNA to the mitochondrial inner membrane
[27], we performedNP-40 extraction experimentswith themitochondria
of HtrA2 MEF cells. After NP-40 treatment as described in the Materials
andmethods, soluble and insoluble fractions were separated by centrifu-
gation and mtDNA was isolated from each fraction. The amounts of
mtDNA were measured by gel electrophoresis. Whereas 15.6% of the
mtDNA from HtrA2+/+ cells was soluble in the NP-40 extraction, in
HtrA2−/− cells, 35.1% of the mtDNA was detected in the soluble fraction
(Fig. 7A). This suggests that HtrA2 has a role in maintaining theHtrA2-/- total DNAB
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Fig. 6.mtDNA damage in HtrA2−/− cells abrogated by transfection with full-lengthHtrA2. (
of a mitochondrial target sequence (MTS, aa 1–31) in its N-terminal region, a putative trans
motif (IBM, aa 134–137), a single C-terminal PDZ domain (aa 364–445) that mediates pr
166–342). FW, full-length HtrA2; FM, full-length HtrA2 S306A mutant; 134W, Δ133 Ht
transfected with various forms of HtrA2 was detected by agarose gel electrophoresis of LR
anti-β-actin.attachment state of mtDNA to the mitochondrial inner membrane and
that the organization of mitochondrial nucleoids is altered in HtrA2−/−
cells.
Morphological changes in the mitochondria may affect mtDNA
solubility, since mtDNA in the mitochondrial matrix binds to the mito-
chondrial inner membrane. Therefore, we investigated whether the
shape and structure of mitochondria are affected by the absence of
HtrA2. We observed HtrA2 MEF cells by TEM. As shown in Fig. 7B and
C, there was no difference between mitochondrial morphologies
inHtrA2+/+ and HtrA2−/− cells.
Wemeasured the levels of intracellular ATP to investigate the mito-
chondrial function ofHtrA2−/− cells. As shown in Supplementary Fig. 2,
intracellular ATP was less produced in HtrA2−/− cells than HtrA2+/+
cells, indicating that the mitochondrial function ofHtrA2−/− cells was
retarded, even though mitochondrial morphology was not altered.
3.5. Nuclear-encoded mtDNA repair genes are overexpressed in
HtrA2−/− cells
MtDNA encodes 37 genes. Among these genes, 13 code for oxidative
phosphorylation complex proteins, 22 for transfer RNA (tRNA), and two
for 16S and 18S ribosomal RNA (rRNA). Since the mtDNA of HtrA2−/−
cells was more damaged than that of HtrA2+/+ cells, we analyzed 14
mtDNA-encoded genes for expression levels by real-time PCR with
mtDNA speciﬁc primers (Fig. 8A). We did not observe any signiﬁcant
differences in the expression levels of mtDNA genes between HtrA2+/+
and HtrA2−/−MEF cells.
Next, with real-time PCR, we analyzed the expression levels of
nuclear-encoded mtDNA transcriptional genes, such as DNA polymerase
γ1 (POLG1), DNA polymerase γ2 (POLG2), ﬂap endonuclease (FEN-1),
exonuclease G (EXOG), the DNA helicase twinkle, aprataxin (APTX),
and tryosyl-DNA phosphodiesterase 1 (TDP1) (Fig. 8B). These nuclear
genes regulate mtDNA transcription and repair damaged mtDNA. We
found that repair genes, including Twinkle and APTX1, were signiﬁcantly
upregulated in HtrA2−/− cells compared to HtrA2+/+ cells.115 bp mtDNA 
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Fig. 7. Organization of mtDNA and morphology of mitochondria in HtrA2−/− MEF cells. (A) Mitochondria were puriﬁed from HtrA2+/+or HtrA2−/− MEF cells and separated into
NP-40-soluble (Sup) and -insoluble fractions (ppt). mtDNA extracted from each fraction was directly subjected to electrophoresis on agarose gels, and the densities were measured.
Values represent means ± SD of three independent experiments. (B) TEM of mitochondrial morphology in HtrA2+/+ cells. (C) TEM of mitochondrial morphology in HtrA2−/− cells.
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We next compared mutation rates between HtrA2+/+and
HtrA2−/− MEF cells. First, we cloned and sequenced the PCR products
of mtDNA isolated from HtrA2+/+or HtrA2−/−MEF cells. PCR ampliﬁ-
cation was done at two regions of the mtDNA: 3430–4980 of mtDNA,
a region ﬂanking parts of the ND1 and ND2 gene, and 14,035–15,060
of mtDNA, the cytochrome B gene region. The PCR products of mtDNA
were cloned into pBluescript II vector and plasmids isolated from
colonies were sequenced with T7 or T3 sequencing primers. Next,
the reads were aligned to the reference sequence (NC_005089.1) by
NCBI nucleotide BLAST and further aligned with the BioEdit sequence
alignment editor.
For 3430–4980 of mtDNA, which ﬂanks parts of the ND1 and ND2
gene region, we sequenced 19 plasmids containing HtrA2+/+ mtDNA
and 18 plasmids containing HtrA2−/− mtDNA. We did not observe
any mutations in the mtDNA of HtrA2+/+ cells, but we found two
mutations in the mtDNA of HtrA2−/− cells (Table 1). One mutation
was a guanine-to-thymine transversion in position 3753 of mtDNA.
This region encodes the mitochondrial isoleucine tRNA (Trn I), but
this mutation is not located in the functional region of Trn I. The other
mutation was a cytosine-to-thymine transition in position 3962 of
mtDNA. This region encodes NADH dehydrogenase subunit 2 (ND2),
and the mutation caused an amino acid change: the position 17 proline
of ND2 was changed to serine (P17S).For 14,035 to 15,060 of mtDNA, a cytochrome b gene region, we
sequenced 25 plasmids containing HtrA2+/+ mtDNA and 23 plasmids
containing HtrA2−/− mtDNA. We did not observe any mutations in
HtrA2+/+ mtDNA, but there were three mutations in HtrA2−/−
mtDNA. The ﬁrst was a thymine-to-cytosine transition in position
14,243 of mtDNA. This mutation did not lead to an amino acid substitu-
tion (Phe to Phe: silentmutation). The secondwas a guanine-to-thymine
transversion in position 14,257 of mtDNA. This mutation caused an
amino acid change, G38V of cytochrome b. The third mutation was also
a guanine-to-thymine transversion, this time in position 14,445 of
mtDNA. This mutation caused an amino acid change, G101C of cyto-
chrome b. The aligned results are described in Supplementary Fig. 2.
4. Discussion
In response to various cellular stresses, HtrA2 is processed to Δ133
mature HtrA2 and released into the cytosol. The released HtrA2 pro-
motes cell death by functioning as a serine protease or an inhibitor of
IAF. However, the role of HtrA2 in the mitochondria under normal
conditions is not well understood. In this study, we showed that
the absence of the HtrA2 protein causes mtDNA conformational
changes through ROS production in cultured cells, as well as in mouse
brain tissue.
We found that mtDNA isolated from HtrA2−/− cells migrated more
slowly in agarose gels than mtDNA isolated from HtrA2+/+ cells
AB
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Fig. 8. Relative expression levels of mtDNA genes and nuclear-encoded mtDNA repair
genes in HtrA2 MEF cells. (A) Real-time PCR was performed with mRNA and cDNA
from HtrA2 MEF cells. Expression levels of mitochondrial DNA-encoded genes in
HtrA2−/− cells were compared with those of HtrA2+/+cells using mtDNA-speciﬁc
primers. (B) Expression levels of mtDNA repair genes in HtrA2−/− cells were compared
with those of HtrA2+/+cells using mtDNA-speciﬁc primers. Data are expressed as
mean ± SD. Experiments were repeated at least three times.
1874 H.-G. Goo et al. / Biochimica et Biophysica Acta 1833 (2013) 1866–1875(Fig. 1A). This indicates that there is a difference in the topology of the
mtDNA, which is normally supercoiled and circularized. The difference
in topology was conﬁrmed by the ﬂuorescent dye PicoGreen, which
favors negatively supercoiled forms over nicked DNA. mtDNA was
more intensely stained by PicoGreen in HtrA2+/+ cells compared
to in HtrA2−/− cells. The LR-PCR results (Fig. 1C) indicate that
mtDNA isolated from HtrA2−/− cells has a nicked DNA conformation.
These conformational changeswere observed inMEF cells, a mammalian
cell line, HeLa cells, andmnd2mutant mice (Figs. 1–3).
Generally,mtDNA is attached to themitochondrial innermembrane.
Several proteins, including single-strand binding protein (SSBP) and
mitochondrial transcription factor A (TFAM), may contribute to the at-
tachment of mtDNA to the membrane. In HtrA2−/− cells, more than
30% of the mtDNA was detached from the membrane (Fig. 7A),Table 1
Analysis of mtDNA mutations in HtrA2 MEF cells.
mtDNA region Cell type Number of
sequencing
Number of unique mutation events detected
3430–4980 HtrA2+/+ 19 0
3430–4980 HtrA2−/− 18 2
14035–15060 HtrA2+/+ 25 0
14035–15060 HtrA2−/− 23 3suggesting that the absence of HtrA2 might inﬂuence the attachment
complex structure, as well as mtDNA conformation. However, mito-
chondrial morphology was not affected by the loss of HtrA2, as shown
in the electron microcopy experiments (Fig. 7B and C).
We investigated how the absence of HtrA2 might cause mtDNA
conformational changes. Full-length HtrA2 is located in the mito-
chondria, whereas Δ133 mature HtrA2 is released into the cytosol.
After various forms of HtrA2 were transfected into HtrA2−/− cells,
conformational changes in the mtDNA were determined by LR-PCR
(Fig. 6). The LR-PCR product was only detected in the cells transfected
with full-length, wild-type HtrA2; this implies that active HtrA2 protease
localized only in the mitochondria have a role in mtDNA conformational
stability.
Recent studies showed that knockdown or knockout of HtrA2
generated ROS in mammalian cells and mouse models [28]. Indeed,
using DCF-DA, we observed that the ROS level was increased in
HtrA2−/− cells, and using Mito-SOX, we observed that the superoxide
level was also increased in the mitochondria of HtrA2−/− cells (Fig. 4).
It was previously reported that conformational changes in mtDNA were
induced by ROS generated by iron overload [29]. Therefore, we treated
HtrA2+/+ cells with H2O2and found the same conformational changes
inmtDNAas inHtrA2−/− cells (Fig. 5). Next,we added the ROS scavenger
NAC to HtrA2−/− cells and found that the damage to the mtDNA was
abrogated (Fig. 6C). Taken together, these results indicate that HtrA2
maintainsmtDNA stability by regulating the ROS level in themitochon-
dria. Based on our results, the protease activity of HtrA2 and its localiza-
tion are crucial; therefore,we are currently trying toﬁnd target proteins
of the HtrA2 protease that are located in mitochondria.
Because the LR-PCR results suggested that mtDNA isolated from
HtrA2−/− cells have a nicked DNA conformation, we assumed that
these changesmight affect the expression levels of somemitochondrial
genes. We quantitatively measured the expression levels of mtDNA-
encoded genes, including COX genes, in HtrA2 MEF cells by real-time
PCR with mtDNA-speciﬁc primers (Fig. 8A). For most genes except for
COX3 and 16S genes, signiﬁcant differenceswere not observed between
HtrA2+/+ and HtrA2−/− MEF cells. Very recently, Alnemri and his
colleagues reported that portions of the COX gene were deleted in
rescued mnd2 mice and that COX enzymatic activity was not
detected [30]. In our study, however, COX3 expressionwas increased
25% in HtrA2−/−MEF cells. A reasonable explanation for these different
results is that Alnemri et al. examined COX-negative muscle cells only
and investigated the deletion and enzymatic activity of these cells,
whereas we studied the expression of COX genes from total MEF cells
or brain tissue cells. Interestingly, the expression levels of some
nuclear-encoded mtDNA transcriptional genes, including Twinkle, and
APTX1,were signiﬁcantly upregulated in HtrA2−/− cells (Fig. 8B),
suggesting that mtDNA in HtrA2−/− cells may be damaged, since some
functions of these genes are associated with the repair of damaged
mtDNA.
Because ROS in the mitochondria of HtrA2−/− cells was associated
with a nicked DNA conformation, we assumed that this process would
promote deletion and mutation in mtDNA. For this study, we cloned
and sequenced parts of the mtDNA from HtrA2+/+andHtrA2−/− MEFMutated position Encoding Gene Mutation Effect Context
3753 Trn I G → T TAGATGTTCAA
3962 ND2 C → T Pro → Ser AGGTTCTGTAA
14243 CYTB T → C Phe → Phe CTTCGGGTCC
14257 CYTB G → T Gly → Val CTAGTAGTCT
14445 CYTB G → T Gly → Cys ACGATGCTTA
1875H.-G. Goo et al. / Biochimica et Biophysica Acta 1833 (2013) 1866–1875cells. This method should be appropriate for ﬁnding mutations in the
mtDNA, since cells have many mitochondria and a single mitochondrion
has 1–10 mtDNAs. We observed several mutations in HtrA2−/−mtDNA,
whereas we did not observe any mutations in HtrA2+/+ mtDNA
(Table 1). Mutation of mtDNA was not detected in a speciﬁc region, but
in random regions. Because of this, we might not be able to detect
changes in the expression levels of mtDNA-encoded genes in HtrA2−/−
cells, as shown in Fig. 8A.
HtrA2 has been implicated in the pathogenesis of neurodegenerative
diseases, including Parkinson disease [9]. Mitochondrial dysfunction is
one of the many symptoms in neurodegenerative diseases [6], and it
may arise as a consequence of abnormal mitochondrial DNA or mutated
nuclear proteins that interact directly or indirectly with mitochondria.
Neurodegenerative diseases are late onset, and mutation of mtDNA and
oxidative stress also contribute to aging [31]. The loss of HtrA2 would
lead to a gradual increase in the number of mutations in mtDNA. In old
age, the accumulated mutations could cause mitochondrial dysfunction;
the effect would not show up at a younger age. Thus, the mitochondrial
homeostasis provided by HtrA2 may have an important protective role
against neurodegenerative diseases. Further studies are required to
investigate the exactmechanismbywhichHtrA2 suppressesmitochon-
drial ROS generation and to ﬁnd proteins associated with HtrA2 in
mitochondria.
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